Background: The thalamic reticular nucleus (TRN) is a shell-shaped gamma amino butyric acid (GABA)ergic nucleus, which is uniquely placed between the thalamus and the cortex, because it receives excitatory afferents from both cortical and thalamic neurons and sends inhibitory projections to all nuclei of the dorsal thalamus. Method: A review of the evidence suggesting that the TRN is implicated in the neurobiology of schizophrenia. Results: TRNthalamus circuits are implicated in bottom-up as well as top-down processing. TRN projections to nonspecific nuclei of the dorsal thalamus mediate top-down processes, including attentional modulation, which are initiated by cortical afferents to the TRN. TRN-thalamus circuits are also involved in bottom-up activities, including sensory gating and the transfer to the cortex of sleep spindles. Intriguingly, deficits in attention and sensory gating have been consistently found in schizophrenics, including first-break and chronic patients. Furthermore, high-density electroencephalographic studies have revealed a marked reduction in sleep spindles in schizophrenics. Conclusion: On the basis of our current knowledge on the molecular and anatomo-functional properties of the TRN, we suggest that this thalamic GABAergic nucleus may be involved in the neurobiology of schizophrenia.
Introduction
The thalamic reticular nucleus (TRN) is a shell-shaped, gamma amino butyric acid (GABA)ergic nucleus, which envelops most of the thalamus. 1 The TRN is strategically located between the thalamus and the cortex and represents an ideal hub for corticothalamic communications because it receives excitatory projections from thalamocortical and corticothalamic neurons and sends inhibitory efferents to all nuclei of the dorsal thalamus. Electrophysiological studies have shown that the TRN is involved in sensory gating 2 and attentional modulation. [3] [4] [5] [6] Recent findings have revealed diffuse prefrontal projections to frontal as well as sensory TRN sectors, which may regulate the ability to perform tasks in an environment with competing sensory inputs. 7 Finally, the TRN is responsible for the generation of sleep spindles. 8, 9 .
In this review, we will first briefly describe the anatomical, neurochemical, and electrophysiological properties of the TRN. We will then present the evidence showing the critical role of the TRN in generating sleep spindles as well as in processing sensory information during waking. Next, we will review the studies reporting TRN abnormalities in animal models of schizophrenia. Moreover, we will present the results of sleep high-density electroencephalographic (hd-EEG) studies that established marked spindle deficits in schizophrenics. Finally, we will discuss how these findings may contribute to the understanding of certain aspects of the phenomenology and the neurobiology of schizophrenia.
Anatomical, Neurochemical, And Electrophysiological Properties of The TRN
The TRN is a thin thalamic nucleus that receive projections from both thalamocortical and corticothalamic neurons 10 (figure 1), which are responsible for its reticulated structure. 11 Other projections to the TRN are from the brainstem and the basal forebrain. 3 Brainstem inputs are cholinergic and monoaminergic 12, 13 ; basal forebrain afferents are GABAergic.
14 While acetylcholine hyperpolarizes and decreases discharge activity in TRN neurons, 15 noradrenalin and serotonin depolarize TRN cells. 16 Dopamine receptors (D4) have also been established on TRN cells. However, the origins of these projections (substantia nigra) and the effects of dopamine on TRN neurons are still controversial.
proteins act as Ca þ buffers, regulating intracellular availability of Ca þ and therefore modulating membrane potential, firing pattern, and synaptic transmission of TRN neurons. 21 Increasing evidence suggests that the TRN, initially regarded as a nucleus with nonspecific diffuse projections within the thalamocortical system, has a topographic organization consistent with those of the cortex and the thalamus. 3 Anatomical and electrophysiological studies of the cat, rabbit, and rat brain have contributed to identify 7 sectors: 5 sensory (visual, auditory, gustatory, visceral, and somatosensory), 1 motor, and 1 limbic. [22] [23] [24] [25] [26] Each sector is involved in a specific modality, receives afferents from corresponding cortical and thalamic neurons, and projects back to the thalamic nuclei by which it is innervated. These thalamic nuclei can be classified as ''first-order'' and ''higher-order'' nuclei. 27 First-order thalamic nuclei receive afferents from ascending sensory inputs, and relay information from the periphery to the cortex. Higher-order thalamic nuclei receive afferents from cortical axons of layer V neurons and are thought to be involved in corticocortical communication. 28 The TRN projects to 2 thalamic targets: thalamocortical cells and local interneurons. 29 TRN efferents to thalamocortical neurons, which represent ;90% of reticular projections, exert an inhibitory control on thalamic transmission to the cortex. 29 This inhibitory control is local and topographically organized when driven by thalamoreticular or corticothalamic afferents. When activated by afferents from neuromodulatory systems and the brainstem reticular formation, the TRN can exert a global, nonspecific inhibitory control on thalamocortical transmission, which regulates the level of vigilance as well as the overall attentive state. 1 About 10% of TRN projections are to local thalamic interneurons, which in turn send inhibitory afferents to thalamocortical cells. 29 It has been suggested recently that these TRN-thalamus circuits might be implicated in granting cortical access to peripheral inputs. 9 For example, prefrontal pathways may facilitate cortical access to salient stimuli via TRNlocal interneurons-thalamocortical circuits, while efficiently suppressing irrelevant inputs via TRN-thalamic cells connections. 30 TRN cells can fire in single-spike or burst-spike. In vitro and in vivo studies have shown that trains of singlespike occur at depolarized membrane potential values (greater than or equal to À60 lV), while burst-spikes are observed in hyperpolarized cells. 9, 31, 32 Single-spike is the predominant firing activity during active waking and rapid-eye movement (REM) sleep, while burst-spike occurs mostly during non-rapid eye movement (NREM) sleep. 33 These spike-bursts play a pivotal role in generating and synchronizing sleep spindles. 34 Spindles are waxing and waning fast oscillations that characterize NREM sleep, especially stage N2. Cortically recorded spindles are first generated in the TRN, as a sequence of rhythmic spike-bursts triggered by cortical depolarizing inputs. These spike-bursts produce inhibitory postsynaptic potential followed by rhythmic rebound in thalamic relay cells, which are then transferred to cortical neurons and cause them to oscillate at 12-16 Hz. 35 The TRN is critical for spindles to occur, as indicated by the absence of sleep spindles in the isolated cortex, 9, 36 by the abolition of spindles following disconnection of TRN from the thalamocortical system, 37 and by the presence of spindles in isolated reticular neurons. 38 Spindle oscillations within reticular neurons are produced by low-threshold Ca þ currents, which generate periodic burst-spikes in the spindle frequency. 39, 40 However, the mechanism underlying synchronization across TRN cells is still largely unknown. Two mechanisms have been proposed: GABAergic synapses between TRN neurons or intrareticular electrical coupling mediated by gap junctions.
In support of the electrical coupling mechanism, recent studies in the rat TRN have demonstrated that 1/3 of reticular neurons are endowed with electrical coupling, that this coupling favors synchronous oscillations up to 15 Hz, and that reduced electrical coupling significantly dampens synchronization between adjacent TRN neurons. 41, 42 . Furthermore, in vitro experiments in knocked out mice with no GABAergic receptors on TRN cells found increased epileptiform activity in these animals, thus suggesting that GABA receptors may reduce proepileptogenic synchronization between reticular neurons. 43 These receptors, however, may still contribute to spindle synchronization. 
The Thalamic Reticular Nucleus and Schizophrenia
Indeed, recent electrophysiological and modeling studies have shown that, at hyperpolarized membrane potential levels (greater than or equal to À70 lV), GABA receptors give rise to depolarizing currents in TRN neurons, which generate persistent spindle oscillations in these cells. 44, 45 During wakefulness, the TRN, which sends both parallel and divergent inhibitory projections to thalamocortical neurons, [46] [47] [48] [49] [50] may be implicated in processes regulated within the thalamocortical network, including lateral inhibition. 51 Lateral inhibition refers to the ability of neurons activated by a stimulus (eg, visual, somatosensory) to inhibit neighbor cells, thus increasing the contrast and sharpness of brain responses to this stimulus. Figure 1 depicts how the TRN may implement lateral inhibition within a corticothalamic circuit. Notably, by employing singlecell and multiunit juxtacellular labeling techniques, Pinault and Deschenes 49 provided the first anatomical demonstration of lateral inhibition in the rodent thalamus. Furthermore, a recent study in rats combining photic stimulation with dual recording in reticular and sensory thalamic neurons has shown that TRN neurons send local topographically organized projections to the ventral posterior lateral or medial thalamic nuclei and that these projections are ideally suited to mediate local lateral inhibition between thalamic neurons. 52 Reticular neurons may also participate in cortically regulated functions and especially in attentional regulation. Recent findings have revealed that prefrontal areas, which are critically involved in the control of attention, send widespread projections to the TRN. 6 These projections to frontal as well as sensory TRN sectors may regulate the ability to perform tasks in an environment with competing sensory inputs. 7 Furthermore, prefrontal projections to the TRN largely overlap with afferents from sensory association cortices. 53 Thus, TRN may be the site where anterior and posterior cortical areas converge to enhance cognitively/emotionally relevant stimuli and to suppress irrelevant inputs.
TRN And Schizophrenia: From Molecular to Patient Findings
Evidence for a role of TRN deficits in schizophrenia is fairly recent, but it comes from both animal and human studies. Electrophysiological and pharmacological studies in rodents have shown that dysfunctions of the TRN result in deficits of auditory gating and attentional shift, 2,54 2 core features of schizophrenia known to be defective in medication-naive, first-break, as well as chronic schizophrenic patients. [55] [56] [57] Furthermore, pharmacological studies in the rat TRN have demonstrated metabolic and histopathological changes caused by N-Methyl-Daspartic acid (NMDA) receptor antagonists, including phencyclidine (PCP) and ketamine, which can produce psychotic symptoms in healthy individuals. [58] [59] [60] [61] [62] A genetic study in the developing mouse brain has revealed that TRN neurons express high levels of a gene associated with schizophrenia, DISC-1 (disrupted in schizophrenia). 63 Finally, 2 recent hd-EEG sleep studies in humans have shown that patients with schizophrenia had marked deficits in sleep spindles, which are generated by the TRN, compared with healthy and psychiatric controls. These findings are summarized in table 1, along with the information on the type of study and the species on which the study was conducted. These findings are presented more in detail below.
Auditory gating refers to a reduced responsiveness (habituation) to repetitive stimulation and is measured as the ratio of the responses to 2 consecutive stimuli (S2/S1). An increased S2/S1, which indicates reduced auditory gating, has been consistently reported by electrophysiological studies in schizophrenics, [64] [65] [66] and in a recent functional Magnetic Resonance Imaging (fMRI) study, in which schizophrenics showed an increased hemodynamic response in the thalamus during an auditory gating paradigm, it was suggested that the TRN may be responsible for such gating deficit. 67 An involvement of the TRN in sensory gating is also supported by a recent study employing single-unit recordings in anesthetized rodents, which demonstrated gated responses in TRN neurons, as reflected by a reduced number of spikes to the second of 2 paired tones played a second apart. 2 In this study, the authors also tested the effects of amphetamine, a dopamine agonist that can induce psychosis, and of haloperidol, a dopamine antagonist prescribed as an antipsychotic medication, on TRN auditory gating and found that amphetamine disrupted it, while haloperidol reversed such deficit. 2 Attentional deficits are commonly present in schizophrenics. 57 In a study aimed at reproducing these deficits in an animal model of schizophrenia, PCP was injected in rats to test for attentional shift impairments within and across stimulus dimensions (ie, spatial location and level of illumination). Attentional shift refers to the ability to move the focus of attention from one object to another, and it is a top-down mechanism regulated by the frontal cortex in combination with thalamic nuclei. 68 PCP selectively impaired rats' ability to shift attention across stimulus dimensions or extradimensional shifting. These attentional impairments were associated with reduced expression of Zif-268 and parvalbumin, 2 markers of local neuronal activity, in the infralimbic cortex and in the TRN. 54 Other pharmacological studies investigating the effects of PCP on the rat brain found induced metabolic hypofunction within the prefrontal cortex, the auditory system, and the TRN, which were reversed after coadministration of typical (haloperidol) or atypical (clozapine) antipsychotics with PCP. 58, 59 PCP could also induce excitotoxic lesions in the posterior cingulate and retrosplenial cortices of rats following injections in the anterior thalamus. These lesions were likely due to reduced inhibitory control of the TRN on anterior thalamic nuclei, which in turn determined excessive activation (excitotoxicity) of corticolimbic areas. Of importance, these excitotoxic effects on the rat brain could be prevented by administering antipsychotic medications, such as haloperidol and clozapine. [60] [61] [62] The DISC1 gene, located on chromosome 1q42, has been associated with schizophrenia by multiple human genetic studies. 69 A recent study investigating the expression of DISC1 in the mouse brain found that it was expressed only in some brain structures, including hippocampus, part of the neocortex, hyphothalamus, stria terminalis, and TRN. Furthermore, in the mouse TRN, DISC1 was highly expressed during development, in a period when corticothalamic connections take shape. Other studies in rats have shown that the TRN and the perireticular nucleus, a narrow sheet of cells surrounding the TRN, are significantly larger relative to their adult size during development, when corticothalamic and thalamocortical pathways are first formed, thus suggesting that these thalamic nuclei may be critically implicated in this process. 70 Based on these results, which, however, need to be replicated in species with a more complex corticothalamic circuitry, it was suggested that the TRN may play a critical role in the ontogenesis of connections within the thalamocortical system and that deficits in the TRN may be 
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F. Ferrarelli & G. Tononi implicated in the neurodevelopmental vulnerability to schizophrenia. 63 Consistent with these findings from animal studies, 2 sleep hd-EEG studies in humans have recently provided suggestive evidence for TRN defects in schizophrenia patients. 71, 72 An initial study found that 18 schizophrenics had marked deficits in TRN-generated NREM sleep spindles. 9 Schizophrenics showed significant reductions in spindle duration, amplitude, number, and integrated spindle activity (ISA), calculated by integrating spindle amplitude over time, compared with 17 healthy controls and 15 depressed patients in the first NREM episode. A follow-up study extended these findings to 49 schizophrenics in whole-night recordings and established that nonschizophrenic patients taking antipsychotics had no spindle activity reduction, thus indicating that spindle deficits were not simply due to medications. Deficits in spindle number and ISA had an effect size (ES) !2.21, corresponding to !85% separation between schizophrenics and control subjects (figure 2), and similar ES were observed employing a 14-channel, low-density montage that included C1 and CPz, the channels with highest ES for the hd-EEG analysis. Additionally, in schizophrenics, both spindle number (at C1) and ISA (at CPz) were inversely correlated to the positive symptoms of the Positive and Negative Symptoms Scales. Given the magnitude of spindle deficits and their correlation with clinical symptoms in schizophrenics, these findings suggest that reduced TRN function may be implicated in the neurobiology of schizophrenia and may contribute to its clinical features.
At this stage we can only speculate about the contribution of TRN deficits to the clinical symptoms of schizophrenia, which include hallucinations, delusions, as well as attentional, learning, and memory deficits. Auditory hallucinations are thought to reflect a reduced ability to distinguish externally generated stimuli, which are relayed by thalamocortical sensory pathways, from internally generated inputs, which are processed by corticothalamic circuits. 73 Intriguingly, a study using juxtacellular recordings and labeling techniques has recently shown that the rat auditory TRN receives tonotopically organized afferents from both the cortex and the thalamus. 74 A defect in the TRN may therefore account for the simultaneous impairment of thalamocortical and corticothalamic auditory circuits in schizophrenia. Furthermore, a reduced inhibitory control of the TRN on other thalamic nuclei would increase the response of thalamocortical neurons to internally cortically generated inputs, which in turn would facilitate hallucinatory experiences. A reduced activity of TRN neurons, as indicated by decreased cholinergic binding, has been reported in a postmortem study in schizophrenics and patients with Lewy bodies dementia, a disorder characterized by visual hallucinations. 75 Together with hallucinations, patients with schizophrenia commonly experience delusions. Delusional thoughts tend to arise in a state of hypervigilance, characterized by an increased neuronal activity and an enhanced response to incoming inputs. It is therefore possible that a reduced inhibitory control of the TRN on thalamocortical activity may result in hyperactivation of the cortex, which, in turn, may produce psychotic delusional symptoms.
Schizophrenics also report cognitive deficits and especially attentional impairments. 76 The TRN has long been viewed as critical for attention regulation, as indicated in the searchlight hypothesis. 68 This hypothesis suggests explicitly that the TRN is involved in rapidly moving the center of attention between external inputs, based on a decision made by the frontal cortex. Recent electrophysiological studies in primates have provided experimental evidence for the involvement of the TRN in the control of attention and have shown how TRN dysfunctions may result in attentional deficits. 77, 78 Other cognitive processes found to be impaired in schizophrenia patients are learning and memory. 76 While many factors, including changes in the level of attention, decreased motivation, and presence of active symptoms may affect these cognitive processes, it is intriguing that such processes are critically regulated during sleep by sleep-specific rhythms, including sleep spindles. 79 Higher spindle activity is associated with better performances in verbal memory, visuospatial memory, as well as declarative learning tasks. 79 A defective TRN function, which initiates spindle oscillations, may therefore interfere with the ability to learn as well as with memory consolidation processes and may account for some of the cognitive impairments found in schizophrenia.
Future Directions
Noninvasive direct measurements of activity in the human TRN are difficult. However, both pharmacological and nonpharmacological strategies can be utilized to investigate TRN activity deficits in schizophrenia patients.
A pharmacological approach would involve testing whether compounds that target the GABAergic system might improve spindle deficits in schizophrenics and whether spindle improvements may predict amelioration in the clinical symptoms of these patients. It has been shown recently that Gabapentin, a compound that selectively increases GABA activity, improved clinical symptoms in a treatment-resistant schizophrenia patient. 80 Furthermore, it has been suggested that a reduced GABA release by TRN neurons is a key mechanism underlying the psychosis induced by NMDA receptor antagonists. 61 This pharmacological model of psychosis proposes that a reduction in GABA release from TRN to other thalamic nuclei, due to inactivation of NMDA receptors on TRN neurons, would increase the firing rate of thalamic relay neurons to the cortex. Hyperactivated cortical neurons would then determine psychotic symptoms, while corticothalamic excitatory feedbacks would sustain this effect ( figure 3, left panel) .
Intriguingly, a decreased activity of TRN neurons could cause a reduction in GABA release similar to that determined by NMDA receptor antagonists ( figure 3, right  panel) .
A complementary nonpharmacological approach to ascertain TRN deficits in schizophrenia involves employing a combination of electrophysiological/neuroimaging techniques: transcranial magnetic stimulation (TMS) with hd-EEG and TMS/fMRI. TMS/hd-EEG and TMS/fMRI allow implementing a ''perturb and measure'' approach in which neural responses to single pulses of TMS delivered to the cortex can be measured as proxies for TRN responses. Corticothalamic afferents are 10-fold more numerous than thalamocortical projections. 10 Furthermore, the number of glutamatergic corticothalamic synapses onto TRN neurons is 3.7 times higher than corticothalamic synapses onto thalamocortical neurons, and the amplitude of excitatory postsynaptic currents (EPSCs) is about 2.5 times larger in TRN than in thalamocortical neurons. 81 Thus, cortical stimulation is a priori the most effective way of testing the activity of the TRN, measured at the thalamus by fMRI and at scalp electrodes directly under the TMS coil by EEG. It is also plausible that the same putative TRN dysfunction underlying sleep spindles will result in abnormalities in responses to single pulses of TMS in schizophrenics. Specifically, if TRN activity is reduced, the TMS-evoked blood oxygen level-dependent response in the thalamus should be of lower magnitude in schizophrenic patients vs healthy control subjects, and the size of this decrease might correlate with the magnitude of spindle deficits. Similarly, early components of the EEG response to TMS, which are largely contributed by a thalamic rebound from the TMS-evoked cortical activation, 82 should be reduced in schizophrenics in a manner that correlates with spindle deficits. By using TMS/hd-EEG, we recently found reduced TMS-evoked early gamma oscillations in the frontal cortex of schizophrenics compared with healthy controls. 83 Altogether, results from these experiments may provide further evidence of TRN deficits in schizophrenia and may help establishing the contribution of the TRN to the neurobiology of this disorder.
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